The aims of this study were to investigate changes (i) 
Introduction
The presence of mechanical connections between muscle-tendon units increases the number of peripheral constraints imposed on the musculoskeletal system, thereby reducing the number of possible solutions for performing a motor task. Although critical for understanding neural control of normal and pathological movement, the effects of such peripheral constraints on the recruitment pattern of synergistic muscles remain unclear.
Previous studies have shown that connective tissue structures at the muscle boundary (i.e., epimysium) can transmit forces from muscles to their surroundings bypassing their origin and insertion (Huijing 1999; Maas and Sandercock 2010) . Evidence of this so called epimuscular myofascial force transmission has been reported for humans in vivo (Oda et al. 2007; Bojsen-Moller et al. 2010; Tian et al. 2012; Yaman et al. 2013 ) and for animals in situ (e.g. Huijing and Baan, 2001; Maas et al., 2001 ). However, when testing under more physiological conditions, other animal studies found very limited force transmission via epimuscular pathways (Maas and Sandercock 2008; Tijs et al. 2015 Tijs et al. , 2016 . In pathological conditions that involve increased amounts of connective tissues as a result of, for example, muscle-tendon injury (Silder et al. 2008 (Silder et al. , 2010 or surgical treatments (Smeulders et al. 2002; Smeulders and Kreulen 2007) , the role of epimuscular pathways is likely enhanced.
We recently reported that scar tissues between the one-joint soleus (SO) and two-joint gastrocnemius (GA) muscles increases their mechanical coupling (Bernabei et al. 2016a) . Does this affect the recruitment pattern of these muscles during movement? There are several mechanisms to be considered. (i) The size principle for motor unit recruitment (Henneman 1957) . There is some evidence that this principle is applicable also across muscles with similar function like SO and GA (Sokoloff et al. 1999) . In line with this, SO, which contains a large proportion of type-I motor units, is preferentially recruited during locomotion (Prilutsky et al. 1994) . If muscle recruitment is determined only by the size principle, no changes in neuromuscular control with enhanced intermuscular coupling would be predicted. (ii) Sensory feedback from muscle receptors. Part of muscle activity amplitude during the stance phase of walking seems feedback related (Sinkjaer et al. 2000; Stein et al. 2000; Donelan and Pearson 2004) . Proprioceptive feedback is also important in adapting the timing of the central locomotor program to changes in task demands (Rossignol et al. 2006) . Since lengthdependent feedback from one muscle is affected by changes in length and relative position of neighbouring muscles (Smilde et al. 2016) , it is conceivable that changes in muscle length modulation and speed of contraction due to an increased muscle coupling would be sensed by muscle spindles, thereby priming adaptations in neural drive. (iii) Optimizing motor control to joint moment requirements. Muscle stress and metabolic costs of activation can be minimized by coordinating the activation of onejoint and two-joint muscles (Mehta and Prilutsky 2014) . Enhanced connectivity between SO and GA will cause the initially one-joint ankle extensor SO to produce also substantial moments around the knee joint (Bernabei et al. 2016a) . Consequently, the pre-existent recruitment pattern of these muscles may become sub-optimal and, consequently, be adapted.
The primary aim of this study was to investigate changes in the coordination of activation of the triceps surae muscle group during locomotion in response to an increased stiffness of intermuscular connective tissues in the rat. For this purpose, SO, lateral gastrocnemius (LG) and medial gastrocnemius (MG) activation, together with muscle belly length changes and hindlimb kinematics, were measured during locomotion. We hypothesized that the increased stiffness of intermuscular connective tissues and, thus, the altered mechanical interaction between these muscles result in changes of muscle recruitment. As a secondary aim, we tested whether the length changes of SO and LG muscle bellies were altered, as this may have implications for the sensory feedback from these muscles. Preliminary results have been presented in abstract form (Bernabei et al. 2015) .
Methods
Electromyographic signals of SO, LG and MG muscles, as well as length signals from SO and LG muscle bellies and hindlimb kinematics were obtained during level trotting on a treadmill with a nominal speed of 0.8 m/s. These measures were recorded before (preintervention) and 2 weeks after manipulation of the intermuscular connective tissues (post-intervention). EMG and sonomicrometry signals were synchronously sampled and digitized by a common controller (Digital Sonomicrometer, Sonometrics, London, ON, Canada). Kinematic data and EMG-sonomicrometry signals from the implanted sensors were synchronized by an electronic trigger pulse to the sonomicrometry controller. Each measured variable was time-normalized to the stride-cycle duration, and averaged first within and then across rats.
Animal training and surgical procedures
Five male Wistar rats (273 ± 15 g, body mass at the time of pre-intervention measurements) were trained to run in a Plexiglas-enclosed, motor-driven treadmill (Westra et al. 1985) for 10 days before implantation of sensors. Food rewards were provided upon completion of the 2 min running task at increasing speed (up to 0.8 m/s). A detailed description of the surgical procedures for sensors implantation and for myofascial connective tissue enhancement was published previously (Maas et al. 2009; Bernabei et al. 2016a ). Briefly, fine-wire EMG electrodes (25m un-coated diameter, 7SS-1T, Science products GmbH, Hofheim, Germany) were implanted in the mid-region of SO, LG and MG muscle bellies of the right hindlimb, approximately 2mm deep and approximately 1mm apart. Electrode placement was verified by stimulation through the implanted wires during surgery as well as by dissection of the implanted muscles on the euthanized animal after data collection. Sonomicrometry crystals (1mm; Sonometrics, London, ON, Canada) were implanted near the proximal and distal aponeurosis of SO and LG to measure muscle belly lengths.
After sensor implantation surgery, the animals were allowed to recover for two weeks prior to the intermuscular connectivity manipulation surgery. In the latter, connective tissues between the dorsal side of the SO and the ventral side of LG+PL were blunt dissected and a tissue-integrating mesh (n=7; Premilene® mesh, B. Braun Melsungen AG, Germany) was sutured to the SO muscle belly at the interface between SO, LG and plantaris (PL) muscles. Both survival surgeries were performed in aseptic conditions, using inhalation anesthesia (2-3% isoflurane) and a one-time pre-operative subcutaneous injection of a pain-killer (0.02 mg/kg, Temgesic®, Schering-Plough, Maarssen, The Netherlands). Additional doses were given 1-2 days after the surgery if signs of pain were noticed. On completion of measurements, animals were euthanized with a pentobarbital overdose (Euthasol 20%) injected intracardially, followed by double sided pneumothorax.
In two additional age-matched animals (289 ± 12 g, body mass at time of first measurement), the fine-wire electrodes and sonomicrometry crystals were implanted with the same procedures described before. No manipulation of intermuscular connective tissues was performed, so that the locomotion data from these rats, collected at the same time points as the manipulated ones, could provide information on the isolated effects of the sensors implantation. All surgical and experimental procedures were approved by the Committee on the Ethics of Animal Experimentation at the Vrije Universiteit Amsterdam and in strict agreement with the guidelines and regulations concerning animal welfare and experimentation set forth by Dutch law.
Kinematics
2D videos of treadmill locomotion were recorded with a high-speed camera (A602f, Basler, Ahrensburg, Germany). Markers placed on the iliac crest, greater trochanter, lateral femoral epicondyle, lateral malleolus, 5 th metatarsophalangeal (MTP) joint and the distal end of the 4 th digit (Fig. 6 .1c, white circles) were tracked to reconstruct the sagittal plane hindlimb kinematics. Skin movement artifacts were minimized by triangulating the position of the knee marker given the position of the great trochanter and lateral malleolus markers, and measured lengths of femur and tibia. Video data (400x180 pixels, 7.4 pixel/mm) were sampled at 200 frames/s, streamed to an IEEE-1394 port and recorded to the computer hard drive with custom software (Labview, National Instruments Inc., Austin, TX).
The duration of the stance and swing phases, as well as the stride length, were calculated using the time points of paw-in and paw-off, respectively determined for each stride as i) the onset of the stance phase, defined as the video frame in which the foot of the hindlimb touched the treadmill belt and ii) the onset of the swing phase, defined as the video frame in which the same foot left the ground completely ( Fig. 6 .1 a). The tracked anatomical landmarks were used to calculate the flexionextension joint angle changes and range of motion (ROM) of hip, knee, ankle and MTP over the stride.
Electromyography
During data collection, EMG signals from triceps surae muscles were amplified (100-2000x, CMRR>100dB), filtered to prevent aliasing (10-1000Hz) and sampled (3120Hz). Band-pass and notch digital zero-lag filters were subsequently applied to remove movement artifacts (30-1000Hz, third-order Butterworth) and power-line interference (50Hz, third-order Butterworth). Several descriptors of muscle activation were calculated: i) the duration of the time-window between onset and offset of muscle activation (burst duration) ii) the median value of the Fourier-decomposed frequency content of the burst (burst median frequency) iii) the root-mean-squared (RMS) value of the rectified EMG burst (burst amplitude) iv) the peak value of the averaged envelope of the EMG signal across strides, computed as the maximum magnitude of the discrete-time analytic signal calculated by the Hilbert-transform (see Fig. 6 .1 a-b, bottom panel). The amplitude of the EMG burst and envelope for each muscle and time bin were normalized to the maximum value of the EMG envelope across all time bins and to the maximum value of the mean EMG-RMS, respectively, recorded during the pre-intervention session. The onset-offset of muscle activation was determined by k-means cluster analysis applied on the band-pass filtered EMG signal (Den Otter et al. 2006) , which corresponds to assigning values of the EMG amplitude to a user-defined number of clusters (n=3), with the lowest cluster reflecting inactivity. EMG-EMG loops. The envelope of muscle activation averaged over time-normalized strides was smoothened with a 19-samples moving average and the slope of the EMG-EMG loop was used to describe the coordination between two pairs of muscles (SO-LG, SO-MG, LG-MG). This slope was calculated as follows (Prilutsky et al. 1994 ):
where maxEMG and minEMG are the maximal and minimal values of the envelope of muscle activation for a given muscle.
Sonomicrometry
Muscle belly length was measured as the distance between the piezoelectric crystals implanted near the proximal and distal ends of SO and LG muscle bellies. For this, the elapsed time for the ultrasound wave to be transmitted by one crystal and received by the other as well as the speed of sound at which the wave travels in vertebrate skeletal muscles (1580 m/s, Topp and O'Brien, 1999) were used.
Time series describing the muscle belly length changes of SO (l SO ) and LG (l LG ) during locomotion ( Fig. 6 .1 a-b) were low-pass filtered (second-order Butterworth, 50Hz cutoff) and subsequently normalized to the reference length (l REF ), defined as the mean of the maximum and minimum muscle belly lengths during the swing phase of the preintervention and of the post-intervention conditions, in order to take muscle growth into account (Gabaldón et al. 2004) . Positive values indicated lengthening, while negative values indicated shortening. Muscle belly velocity of length change of SO and LG was computed using the method of finite differences.
Statistics
Data from the pre-intervention and post-intervention sessions were compared with a paired samples t-test to assess effects of enhanced connectivity on muscle activation (peak amplitude, burst RMS amplitude, burst duration, median frequency), joint ROM, muscle belly lengthening and shortening and peak velocities during stance and swing phases of the stride. At least 15 stride cycles of constant speed trotting were analyzed for each rat and time point; galloping gaits and strides with forward-backward acceleration on the belt were excluded from the analysis. All statistical tests were performed using SPSS (v. 21, SPSS Inc., Chicago, IL, USA). In all statistical analysis, results were considered to be significant when p < .05. Variability of descriptors is expressed as standard deviations (SD).
Results

Consistency of EMG and kinematics of hindlimb over time
Following sensors implantation in the un-manipulated animals (n=2), SO activation (burst amplitude) changed by +6.0% and -2.9% with respect to the pre-intervention value, while LG and MG burst amplitudes changed by -7.8% and -17.5%, and by -10.2% and -9.9%, respectively. Changes in flexion-extension ROM for hip, knee and ankle joints were all within 1 SD of the pre-intervention values, except for the MTP-joint peak extension, which decreased by 4.6° ± 1.7° during swing. Peak shortening of both SO and LG muscle bellies, which could only be determined in one animal, was reduced by 27.8% and 4.9% in stance, and by 21.1% and 13.1% in swing, respectively.
Effects of enhanced intermuscular connectivity on hindlimb kinematics
Hindlimb kinematics prior to the intervention were similar to previous data for treadmill locomotion in the rat (Thota et al. 2005; Bauman and Chang 2010) . Changing the connectivity between SO and LG did not result in changes of spatio-temporal characteristics of treadmill locomotion (see Table 6 .1). Also, the joint angle pattern, measured two weeks after manipulation of intermuscular connective tissues, was qualitatively similar to the pre-intervention condition, with no significant changes in the joint ROM in stance and swing (see fig. 6 .2 and table 6.2). Overall, these data indicate that little or no changes in kinematics resulted from the connectivity increase at the SO/LG interface. Values are shown as mean ± SD (n=5). No significant differences were found between pre-and postintervention Values are shown as mean ± SD (n=5). No significant differences were found between pre-and post-intervention values. 
Effects of enhanced intermuscular connectivity on activation patterns and burst characteristics
SO muscle. The intermuscular connectivity enhancement resulted in a substantial decrease in mean SO activation: the average normalized burst amplitude was decreased from 0.79 ± 0.02 pre-intervention to 0.38 ± 0.16 post-intervention (p= .007, Fig. 6 .4 a). Normalized peak activation of SO was reduced to 0.48 ± 0.06 (p= .009) of the pre-intervention value. Qualitatively, no substantial changes were observed in the pattern of activation of SO over the stride (Fig. 6.3a) .
LG and MG muscles. In contrast to SO, the activation of LG and MG muscles was increased substantially two weeks after the intervention (Fig. 6.3 b, c) . The average burst amplitude increased from 0.66 ± 0.05 pre-intervention to 1.34 ± 0.27 postintervention for LG (p= .006, Fig. 6 .4 a), and from 0.65 ± 0.15 to 1.25 ± 0.50 for MG (p= .041). Normalized LG peak activation increased to 1.65 ± 0.55 (p= .010) with respect to the pre-surgery values, but did not change for MG (p= .134). For both gastrocnemii, the general pattern of activation was not affected by the intervention (Fig 6.3 b, c) . However, secondary additional activation bursts were observed with enhanced connectivity conditions: for LG a single additional burst occurred just before paw-off (50-60% of stride, p=.066), while for MG multiple additional bursts occurred before paw-off and in the early swing phase (50-70% of stride, p=.038). Intermuscular connective tissues enhancement did not affect burst duration and median frequency for any of the triceps surae muscles (Fig. 6.4 b-c).
The direction of the EMG loops indicating the coordination of activation between SO and LG, as well as SO and MG changed substantially following connective tissues manipulation (Fig. 6 .5 a-b, Table 6 .3). The slope decreased from 1.18 ± 0.10 to 0.35 ± 0.17 for SO-LG coordination and from 1.85 ± 0.80 to 0.67 ± 0.54 for SO-MG coordination between pre-and post-intervention, respectively (p= .020, p= .037). The slope of the EMG-EMG relationship for LG and MG did not change significantly: 1.61 ± 0.84 pre-intervention and 1.89 ± 0.48 post-intervention (p= .085). The SO-LG and SO-MG loops showed a preferential recruitment of SO in the pre-intervention condition, which was reversed after manipulation of intermuscular connectivity. All loops had a clockwise direction, which did not change between conditions, indicating that the order in which muscles were activated was preserved. Values are shown as mean ± SD (n=5). * p < .05, ** p < 0.01 for pre-post comparison.
Focusing on the pre-stance activation of SO-LG and SO-MG relations (from the minimal activation till the arrow, Fig. 6.5 a-b) , onset of SO activation relative to LG and MG had a similar initial slope between pre-and post-intervention conditions (p= .092, .143, respectively). With enhanced connectivity, SO activation saturated at a lower value, maintaining this fairly constant level while LG and MG activation steadily increased over the early-stance phase. Moreover, as previously mentioned, secondary bursts of MG activity were observed just before the swing phase (50-60% of stride time), after SO muscle became inactive. This resulted in a different coordination of activation for SO-MG and LG-MG in late stance between pre-and post-intervention conditions.
These results show that not only the magnitude, but also the coordination of activation of triceps surae muscles had changed two weeks following manipulation of intermuscular connective tissues. The increased magnitude of LG and MG bursts seems to compensate for a reduced SO activation. In combination with the nearly unchanged hindlimb kinematics, this suggests that a new recruitment strategy was adopted by the central nervous system to cope with the changes in muscular organization.
Effects of enhanced intermuscular connectivity on muscle belly length changes
Enhancement of intermuscular connectivity resulted in a reduction of both SO and LG length range during the swing phase: peak lengthening decreased from 35.1 ± 16.9 % to 20.7 ± 14.4 % (p= .003) and from 14.6 ± 3.1 % to 9.4 ± 2.3 % (p= .019) for SO and LG, respectively (Fig. 6 .6, Table 6 .4), while no changes were found during stance. Muscle belly velocity was not affected by the connective tissues manipulation (p> .097, Table  6 .4).
As a similar reduction in the contraction length range of SO and LG was found in one un-manipulated rat, these effects were likely not the result of the connective tissues manipulation. Therefore, these data indicate that the connective tissues enhancement did not affect muscle belly length changes during locomotion. LG pre-intervention 50 ± 43 -12 ± 10 97 ± 19 -31 ± 37
post-intervention 23 ± 9 -8 ± 6 69 ± 17 ** -57 ± 23
Values are shown as mean ± SD (n=4). * p < .05, ** p < 0.01 for pre-post comparison. 
Discussion
The main finding of this study is that activation and coordination of synergistic muscles during trotting changes as a consequence of enhanced intermuscular connectivity. We confirmed our first hypothesis that in response to an increased stiffness of the interface between SO and LG the neural drive of the targeted muscles is adapted to maintain normal movement. In contrast with our second hypothesis, muscle belly length during contraction did not seem to be affected by increased intermuscular connectivity.
We found that recruitment of individual muscles within the triceps surae synergistic group was substantially affected by an increase of intermuscular connectivity. The neural drive to SO muscle was attenuated, while the neural drive to LG and MG muscles was increased. Changes in EMG of triceps surae muscles have been reported extensively. Previous studies have associated a shift of force sharing curves and ratios of muscle activation with variation in the mechanical demands required by diverse motor tasks (Hodson-Tole and Wakeling 2008; Hodson-Tole et al. 2012 ) and with task intensity, e.g. speed and slope (Hodgson 1983; Prilutsky et al. 1994; Kaya 2003; Gregor et al. 2006) . In contrast to the present results, the magnitude of SO and GA activity changed in the same direction. Selective inhibition of SO has been reported, but only during very specialized movements, such as paw-shaking in cats and straight-leg load lifting in humans (Smith et al. 1977 (Smith et al. , 1980 Mehta and Prilutsky 2014) . Different mechanisms may explain the changes in SO-GA coordination observed in the present study. First, if recruitment of this muscle group was based solely on the size principle (Henneman 1957), the changes in intermuscular coordination would have required a substantial shift in fiber type composition between the pre-and post-intervention conditions. This is deemed unlikely within the short time scale of the present study (two weeks). Moreover, we did not find differences in the median frequency of the EMG burst (Fig. 6.4c) , which has been associated, although not without controversy (Kupa et al. 1995) , with fiber type composition. In our experiment, the type of task and mechanical demand were unchanged, thus suggesting that the variation of SO, LG and MG recruitment cannot be explained by the size principle.
Second, changes in sensory feedback in response to altered intermuscular connectivity may have affected muscle recruitment. In this study, muscle belly length was considered as a mechanical estimate of muscle spindle strain (Maas and Lichtwark 2009). A previous study by Smilde et al. (2016) reported a decreased force threshold and an increased length threshold of SO afferents in response to LG lengthening. As the effects of intermuscular connectivity depend on the length and relative position of neighbouring muscles (Maas et al. 2004 ), these data suggest that an increase or decrease of such connectivity can be sensed by the central nervous system via lengthdependent sensory feedback. However, in the present study we found similar muscle length over the stride after the intervention, in particular in the stance phase during which reflex mediated activity can be expected. We conclude that length feedback from spindle receptors of SO an LG was not affected by the connectivity enhancement. However, we did not measure tendon forces of individual triceps surae muscles and, thus, cannot exclude a potential role of Golgi tendon organs. In addition, changes in amplitude and frequency of EMG of a muscle do not rely on autogenic length-feedback only, but can be mediated also by altered length-feedback from neighboring muscles (Nichols et al. 2016; Pantall et al. 2016) . In the present study, changes in lengthfeedback on SO and LG from neighboring muscles, i.e. MG and plantaris, cannot be excluded, although the lack of change in joint kinematics makes it unlikely.
Third, changes in inter-joint coordination of one-joint versus two-joint muscles can be the result of minimization of muscle stress and/or metabolic costs (Prilutsky 2000) . It has been shown that selective inhibition of SO and changes in the ratio of activation between SO and MG can be obtained with different ankle-knee moments combinations after removal of velocity-dependent sensory feedback (Mehta and Prilutsky 2014). During stance in level locomotion, an ankle extension moment and a knee extension moment are required (Kaya 2003; Bennett et al. 2012) . As the two-joint GA also produces a flexion moment at the knee, such mechanical demands favors activation of the one-joint SO. We have shown previously that a substantial amount of force is transmitted between SO and LG if these muscles are more tightly linked to each other (Bernabei et al. 2016a (Bernabei et al. , 2016b . As a consequence, SO muscle will produce a moment at the knee joint and, thereby, its role alters from one-joint to two-joint. This reduces the relative advantage for recruiting SO during the stance phase of trotting. When considering multi-joint tasks, it seems reasonable that recruitment strategies would consider global state variables, e.g. combined joint moments, associated with the higher hierarchical level of muscle synergies instead of local ones, e.g. individual muscle conditions (Ting and McKay 2007) . For instance, model predictions in humans show that for tasks with simultaneous knee-ankle flexion-extension, e.g. vertical jumps, the two-joint muscles, LG and MG, are mechanically advantageous (Prilutsky et al. 1994; Prilutsky et al. 1996) , requiring lower muscle stress and total force than if a combination of one-joint muscles will be used. However, the change in mechanical effect of SO does not explain the increased activity of LG and MG muscles. Because SO and GA are mechanically similar following the connectivity manipulation, other muscle characteristics may become important in the optimization of motor control. Our results indicate that the central nervous system preferentially recruits the muscle with the highest physiological cross-sectional area, which is in agreement with minimizing stress and activation. Based on the changes in neuromuscular control after turning a one-joint muscle into a (partially) two-joint muscle, we conclude that in the healthy state the central nervous system takes the moments muscles produce at the joints into account when optimizing motor control.
